I − uptake in the thyroid, the first step in thyroid hormone biosynthesis, is mediated by the Na þ ∕I − symporter (NIS) with an electrogenic 2Na þ : 1I − stoichiometry. We have obtained mechanistic information on NIS by characterizing the congenital I − transport defect-causing NIS mutant G93R. This mutant is targeted to the plasma membrane but is inactive. Substitutions at position 93 show that the longer the side chain of the neutral residue at this position, the higher the K m for the anion substrates. Unlike WT NIS, which mediates symport of Na þ and the environmental pollutant perchlorate electroneutrally, G93T/N/Q/E/D NIS, strikingly, do it electrogenically with a 2∶1 stoichiometry. Furthermore, G93E/Q NIS discriminate between anion substrates, a discovery with potential clinical relevance. A 3D homology model of NIS based on the structure of the bacterial Na þ ∕galactose transporter identifies G93 as a critical player in the mechanism of the transporter: the changes from an outwardly to an inwardly open conformation during the transport cycle use G93 as a pivot.
I − uptake in the thyroid, the first step in thyroid hormone biosynthesis, is mediated by the Na þ ∕I − symporter (NIS) with an electrogenic 2Na þ : 1I − stoichiometry. We have obtained mechanistic information on NIS by characterizing the congenital I − transport defect-causing NIS mutant G93R. This mutant is targeted to the plasma membrane but is inactive. Substitutions at position 93 show that the longer the side chain of the neutral residue at this position, the higher the K m for the anion substrates. Unlike WT NIS, which mediates symport of Na þ and the environmental pollutant perchlorate electroneutrally, G93T/N/Q/E/D NIS, strikingly, do it electrogenically with a 2∶1 stoichiometry. Furthermore, G93E/Q NIS discriminate between anion substrates, a discovery with potential clinical relevance. A 3D homology model of NIS based on the structure of the bacterial Na þ ∕galactose transporter identifies G93 as a critical player in the mechanism of the transporter: the changes from an outwardly to an inwardly open conformation during the transport cycle use G93 as a pivot.
iodide transport defect | homology modeling | radioiodide therapy | sodium solute cotransporter family T he iodine-containing thyroid hormones T 3 and T 4 (triiodothyronine and thyroxine) are essential for development and maturation of the central nervous system, skeletal muscle, and lungs in the fetus and newborn, and they regulate intermediary metabolism (1) . I − uptake into the thyroid, the first step in T 3 and T 4 biosynthesis is mediated by the Na þ ∕I − symporter (NIS). By coupling the inward transport of Na þ down its electrochemical gradient to the translocation of I − against its electrochemical gradient, NIS avidly concentrates I − in the thyroid. NIS-mediated I − transport is electrogenic: Two Na þ ions are transported with each I − (2). Remarkably, NIS translocates different substrates with different stoichiometries, as NIS-mediated transport of perrhenate (ReO 4 − ) or perchlorate (ClO 4 − ) is electroneutral (1Na þ ∶1ReO 4 − ∕ClO 4 − ) (3). NIS activity has long played a role in the diagnosis and treatment of thyroid disease, including the highly successful treatment of thyroid cancer with radioiodide after thyroidectomy (4) . We cloned NIS and have since extensively characterized it (2, (5) (6) (7) (8) (9) . Human NIS (hNIS) and rat NIS (rNIS) share 84% amino acid identity and 93% similarity (10) . The secondary structure model of NIS shows 13 transmembrane segments (TMS), an extracellular amino terminus (N t ), and an intracellular carboxy terminus (C t ) (7) (Fig. S1 ).
Congenital hypothyroidism due to an I − transport defect (ITD) is a rare autosomal recessive disorder (11, 12) ; 13 ITD-causing NIS mutations have been reported to date (Fig. S1 ). The mutants that have been studied in detail have provided key mechanistic information on NIS (13) (14) (15) (16) (17) . For example, substitutions at T354 have revealed that this position requires an -OH group at the β-carbon, which we showed is involved in Na þ binding/translocation, and proposed a structural homology between the Aquifex aeolicus Na þ ∕leucine transporter (LeuT) (18) and NIS, despite a lack of sequence homology (19) . Consistent with our prediction, the Vibrio parahaemolyticus Na þ ∕galactose transporter (vSGLT), which belongs to the same family as NIS (Na þ ∕solute cotransporter family 5A), has the same fold as LeuT (20) (21) (22) .
The NIS mutation G93R was identified in a patient who developed goitrous hypothyroidism due to a compound heterozygous G93R/T354P NIS mutation (23) . Having shown that NIS translocates different substrates with different stoichiometries (3), here we now report startling changes in Na þ ∕anion stoichiometry and anion selectivity uncovered by the molecular characterization of various amino acid substitutions at position 93 in NIS. (Fig. 1A , red). Flow cytometry (FC) with an anti-rNIS-C t Ab showed that G93R NIS was synthesized and expressed at levels similar to those of WT NIS (Fig. S2A) . To determine the amount of NIS at the cell surface, we engineered an extracellular HA tag at the N t of NIS. FC using an anti-HA Ab showed that G93R NIS was targeted to the plasma membrane (Fig. 1B) . This was further confirmed by immunofluorescence (Fig. 1C) . Therefore, the lack of activity of G93R NIS was not due to impaired targeting.
Results

G93R NIS Is
Lysine Is Tolerated at Position 93. Surprisingly, G93K NIS was as active as WT NIS (Fig. 1A) . Thus, the positive charge of Arg was not the cause of G93R NIS lack of function, even though position 93 was predicted to be located within TMS III. To examine the electrophysiological correlates of the uptake experiments described above, we expressed WTand G93 NIS mutants in Xenopus laevis oocytes. In control oocytes, I
− (≤5 mM) did not evoke an electrogenic response, whereas in WT NIS-expressing oocytes it evoked an inward current that represents NIS-mediated electrogenic Na þ ∕I − symport (2). G93K NIS supported robust I − -evoked currents, confirming that position 93 tolerates this residue (Fig. 1D) .
G93A, N, S, and T were all active ( Fig. 1 E and F) . The magnitude of the currents reflects the level of expression of the relevant protein in a given oocyte and should not be taken to indicate the transport ability of a specific mutant as compared to any other or to WT NIS. Such comparisons are effectively made in the standardized kinetic analyses (Figs. 1G, 2A, 3 D and E, and 4D). Notably, G93Q NIS showed currents only at very high [I − ] (5 mM) (Fig. 1E) . Consistent with this observation, there was no I − accumulation in COS cells expressing G93Q NIS even at 200 μM I − (Fig. 1F) , although the protein was targeted to the cell surface (Fig. S2B) . Each of the other NIS mutants (A, S, T, and N) displayed different levels of I − transport activity upon incubation with 20 μM I − with a clear pattern: the longer the side chain, the lower the activity (Fig. 1F) and this was not due to different levels of expression (Fig. S2A) . Interestingly, 200 μM I − resulted in a greater relative increase in transport by G93N and Tas compared to WT NIS, suggesting a change in their K mðI − Þ (Fig. 1F) . (Fig. S2D) . Electrophysiologically, whereas G93K, A, and S exhibited K mðI − Þ values comparable to those of WT NIS, G93N and T NIS exhibited >18-fold higher K mðI − Þ , and G93Q NIS had an astonishingly >200-fold higher estimated K mðI − Þ (6.1 mM) (Fig. 1G) . Similarly, the mutants with a high K mðI − Þ also had a higher K mðNa þ Þ (Fig. 2A) . The Hill coefficient for Na þ activation of NIS-mediated inward currents remained unchanged at 2 for WT NIS and G93 mutants.
To eliminate the experimental variation in transient transfection, we transduced MDCK (Madin-Darby canine kidney) cells with a lentiviral vector to permanently express HA-tagged hNIS (WT or G93T). As G93N and T NIS behaved similarly (Fig. 1 F  and G) , further studies in MDCK cells focused on G93T hNIS. I − transport kinetics in MDCK cells recapitulated those in COS-7 cells: WT hNIS K mðI − Þ was 16 AE 5 μM (3, 17), whereas G93T hNIS K mðI − Þ was 269 AE 32 μM (Fig. 2B) .
WT NIS-mediated Na þ ∕I − symport is electrogenic with a 2Na þ : 1I − stoichiometry (2, 3) ( Fig. 2A) . At 250 μM I − -close to its K mðI − Þ -the G93T hNIS K mðNa þ Þ was 104 AE 16 mM (Fig. 2C) . Raising the [I − ] to 750 μM, the G93T K mðNa þ Þ decreased by approximately 20% (86 AE 4 mM) (Fig. 2D ). Therefore, increasing the concentration of one substrate decreases the K m of the cosubstrate in G93T NIS, as reported for WT NIS (2) and other cotransporters (24, 25 − transport by G93T hNIS were considerably higher than those of WT hNIS ( Fig. 3 A and B) . Strikingly, the Na þ ∕ReO 4 − symport mediated by G93T NIS showed sigmoidal Na þ dependence (Hill coefficient ¼ 2) (Fig. 3B) , suggesting that the substitution converted the 1Na þ ∶1ReO 4 − stoichiometry of WT NIS (3) to electrogenic (2Na þ ∶1ReO 4 − ). Furthermore, in X. laevis oocytes expressing G93T NIS, ReO 4 − elicited inward currents, whereas there were no currents when WT NIS was expressed (Fig. 3C) . Moreover, the environmental pollutant ClO 4 − , which is structurally similar to ReO 4 − , also elicited currents in oocytes expressing G93T or N NIS (Fig. 3C ), in contrast to WT NIS (2), implicating position 93 as a key Na þ ∕anion coupling link. Kinetic analysis of G93T and N NIS-mediated ClO 4 − or ReO 4 − transport by electrophysiology revealed a K mðClO 4 − Þ of 17 AE 2 μM for G93N and 18 AE 4 μM for G93T NIS and a K mðReO 4 − Þ of 29 AE 2 μM for G93N and 24 AE 3 μM for G93T NIS (Fig. S3A) .
No NIS-mediated ClO 4 − -or ReO 4 − -evoked currents were observed in G93R or K NIS (Fig. 3C ). In contrast, both G93T and N NIS exhibited sigmoidal Na þ dependence with ClO 4
, corroborating the uptake data (Fig. 3B) . Interestingly, although the Na þ ∶ ClO 4 − or ReO 4 − stoichiometry was different in G93T versus WT NIS, the relaxation kinetics of the presteady-state charge movements in G93N and G93T were similar to those of WT NIS, suggesting that the partial reactions corresponding to Na þ binding and binding-induced conformational changes were not significantly affected by the substitution (Fig. S4 and ref. 2). Furthermore, the transporter turnover rate, as determined by the ratio of the maximum I − -evoked current (I max ) to the maximum presteady-state charge movements (Q max ), was approximately 35 s −1 in G93N and G93T mutants and was similar to that reported for WT NIS (2). G93D NIS-expressing cells transported I − , although at significantly lower levels than WT NIS. On the other hand, G93E NIS-expressing cells showed no transport at 200 μM I − (Fig. 4B ) or higher, though the protein was expressed at the plasma membrane (Fig. S5) . I − -evoked currents mediated by G93E NIS were extremely small even at exceedingly high [I − ] (5 mM, >160 times higher than the WT NIS K mðI − Þ ) (Fig. 4C) . Indeed, the G93E NIS estimated K mðI − Þ was extraordinarily high (>6 mM), 220-fold higher than that of WT NIS (Fig. 4D) , whereas G93D NIS-mediated robust I − -evoked currents, albeit with a highly increased K mðI − Þ of approximately 150 μM (Fig. 4E) .
G93D NIS-transfected cells transported ReO 4 − at 3 μM. In contrast, G93E NIS activity was barely detectable (Fig. 4A, light  green) . On the other hand, at a 10-fold higher [ReO 4 − ], G93E NIS clearly exhibited ClO 4 − -sensitive ReO 4 − transport, although at lower levels than WT NIS (Fig. 4A, dark green) . Electrophysiologically, both G93D and E exhibited ClO 4 − -and ReO 4 − -evoked currents, suggesting a switch in transport stoichiometry leading to electrogenic Na þ ∶ClO 4 − ∕ReO 4 − symport (Fig. 4C ). Although the apparent affinity of G93D for ClO 4 − and ReO 4 − was high (K m s ¼ 4 and 8 μM, respectively), that of G93E for ClO 4 − was significantly reduced (K m approximately 250 μM) (Fig. 4 D and E) . G93Q also displayed ClO 4 − -and ReO 4 − -elicited currents (Fig. 4C ). The signal with G93E was too small for kinetic analysis; G93D (at 5 mM I − ) yielded a sigmoidal relationship with a K mðNa þ Þ of 23 AE 3 mM (Hill coefficient ¼ 1.9) (Fig. S6) . The striking observation that G93E and Q NIS transport ReO 4 − and ClO 4 − even though I − transport is severely impaired in these two mutants indicates that these two amino acids confer the ability to discriminate between substrates.
The NIS Homology Model Reveals Close Contact Between Gly93 and Trp255. The structures of four bacterial Na þ -driven transporters have been determined by X-ray crystallography: LeuT, a homologue of eukaryotic neurotransmitter transporters such as the norepinephrine, dopamine and serotonin, γ-aminobutyrate, and glycine transporters (18, 27) ; vSGLT (20) , a homologue of the eukaryotic Na þ ∕glucose transporter (SGLT-1); the benzylhydantoin transporter (Mhp1) from Moraxella liquefaciens (28), of the nucleobase-cation-symport-1 family of transporters; and the Na þ ∕betaine symporter (BetP) from Corynebacterium glutamicum, of the betaine/choline/carnitine transporter family (29) . The structure of LeuT was determined at the highest resolution (1.6 Å) (18) . Surprisingly, although all four proteins share little sequence homology (<17%), all have the same fold-an inverted topology repeat and unwound helices in regions critical for substrate binding-and a similar way of coordinating Na þ .
Using as a template the X-ray structure of vSGLT (20), we generated a 3D homology model of NIS (Fig. 5A) . Alignment of the NIS and vSGLT sequences using BLAST shows significant identity (27% for NIS residues 50 to 476), a value comparable to that between vSGLT and its eukaryotic homologue SGLT1 (31%). Critically, the extent of the identity between NIS and vSGLT is similar to that between LeuT and mammalian neurotransmitter transporters (20-25%) (18) ; even at this level of identity the LeuT structure has become a major model for elucidating mechanistic information on mammalian neurotransmitter transporters. Similarly, the NIS homology model provides vital information on the protein's mechanism.
In this model, TMS III 2 and X 9 (superscript Arabic numerals indicate the LeuT nomenclature) are at the edge of the molecule, defining the outer wall of a cavity that in vSGLT contains the galactose substrate (20) . TMS VII 6 crosses TMS III 2 at an angle in such a way that G93 and W255 are in close contact, with the Cα of Gly abutting the indole ring of W255. They are at the opposite side of the cavity from the unwound portion of TMS VII 6 (Fig. 5B) , a common essential characteristic of Na þ -driven symporters. Residues in the next helical turns (N97 and Y259) also face each other, at the bottom end of the cavity. M90, from the previous turn of TMS III 2 , is inside the cavity and forms part of its "upper" roof.
In vSGLT, galactose is bound in a cavity at the center of the core, shielded from the extracellular milieu by hydrophobic residues (20) . The equivalent cavity in the NIS model may contain I − or I − ∕Na þ in one of the conformations of NIS during the transport cycle. To determine whether the NIS residues (W255 and Y259) play the key roles suggested by the model, we generated various HA-tagged hNIS mutants. W255A was inactive even at high concentrations of I − ; W255Yaccumulated I − , albeit less than WT NIS. In contrast, Y259A and Y259F were both functional, although less than WT NIS (Fig. S7A) . Cells expressing all these mutants, except W255A, accumulated ReO 4 − (Fig. S7B) . Differences in transport were not due to varying levels of expression or plasma membrane targeting (Fig. S7 C and D) . tures, excluding vSGLT (the template for modeling NIS), showed large deviations reflecting that the crystal structures, as described by the authors, captured different states in the transport cycle: whereas vSGLT, and by extension the NIS homology model, are in the inwardly open conformation (20) , the others are in various substates of the outwardly open conformation (18, 29) . This analysis also shows that the coordination of the second Na þ (Na2) in NIS is equivalent to that in LeuT (19) , but the first Na þ (Na1) must be coordinated differently in NIS. Among other changes, the helical hairpins formed by TMS II 1 and III 2 , and TMS IV 3 and V 4 , significantly change their relative orientations (Fig. S8 A  and B) . In this rearrangement, the structure of the IV-V 3-4 pair remains highly conserved, whereas there are significant changes in the other pair. Alignment of TMS IV 3 and V 4 of the NIS model with those of LeuT shows a low rmsd between the aligned Cα carbons (1.9 Å for 77 Cα). When this alignment-optimizing the superposition of TMS IV 3 and V 4 between LeuT and NIS -is applied to the portion of the NIS model that includes TMS II-V 1-4 , the change in the relative orientation between the two helical hairpins becomes evident (Fig. S8 A and B) . The conformational change is best described as a 25-30°rotation of the TMS II-III 1-2 helical hairpin (Fig. 5C) , which, strikingly, pivots around the contact between G93 and the indole ring of W255 (Fig. 5B) . Thus, the G93/W255 pair can be described as a ball-and-socket joint-the Cα H of Gly, the ball; the six-member ring of Trp, the socket. Residues 118-132, which connect to the helical hairpins, provide a key structural element that permits the rotation of the two hairpins with small variations in their respective structures. This region consists of a short helix (Fig. S8 A and B , in olive) flanked by two short loops. The change in distance between the ends of the two hairpins is easily accommodated by a rotation of the short helix with small changes in the connecting pieces acting as hinges [ Fig. 5 C and D (close-up) , and E (schematic representation)]. The large displacement of the C t of III 2 "pushes," via the connecting rod, the short helix, resulting in a large displacement of its N t portion, whereas its C t acts as a hinge for the rotation of the helix and does not move significantly, allowing TMS IV 3 and V 4 to remain close to their original positions. TMS VII 6 (in the second half of NIS), which encompasses W255, the residue against which G93 rests, runs at an angle with respect to TMS IV 3 . As the rotation takes place, TMS VII 6 has to move away as part of the overall conformational change.
Thus, the nature of the side chain at position 93 of NIS may control the transition between the outwardly and the inwardly open conformations and play a role in the kinetics as well as the stoichiometry. This transition involves a change in not only the relative sizes of the cavities open to either the cytosol or the extracellular milieu but also the volume of the substrate-binding cavity at the center of the molecule (Fig. S8 C and D) .
Discussion
Here we have characterized the NIS mutation G93R, which occurs in TMS III 2 of the symporter. The lack of activity of this mutant protein is not due to its having a positively charged residue within the membrane, as G93K results in an active transporter (Figs. 1 A, D, and G and 4A) . In contrast to the many NIS mutants we have studied previously (13) (14) (15) (16) (17) 19) , substitutions at position 93 show a significant change in the K m for I − . This is true for not only the neutral residues Thr, Asn, and Gln (Fig. 1G ) but also Asp and Glu (Fig. 4D) , indicating that NIS tolerates both, a strong basic (Lys) and a strong acidic residue (Asp) in the middle of TMS III 2 . Whether the side chains of these residues bear a charge at physiological pH depends on their respective pK a s, a function of the electrostatic properties of their microenvironment. Lys, and even more likely Arg, remains positively charged, as the energetic cost of deprotonating these two side chains at the experimental pH of 7.5 is 4.12 and 6.77 kcal∕mol, respectively. It is also probable that Asp and Glu exist as charged species, given the steep energy required for protonation at neutral pH (4.95 and 4.42 kcal∕mol, respectively). If some of these residues are neutral in the environment of the protein, the energetic cost of protonation/deprotonation will be "paid" by a decrease in the overall stability of the mutant protein that may result in changes in the protein's structure, ranging in severity from small local distortions to total misfolding.
Further kinetic analyses in G93T hNIS-transduced MDCK cells showed an approximately 18-fold higher K m for both I − (Fig. 2B) and ReO 4 − (Fig. 3A) , and an approximately 5-fold higher K m for Na þ (Fig. 2C ). This change in the K m for Na þ is larger than those observed in substitutions of β-OH-containing residues in TMS IX 8 (19) . Our 3D NIS model provides a rationale for the effects of the substitutions at position 93 on NIS activity. This site appears to be a pivot around which occurs one of the major components of the conformational change between the inwardly and the outwardly open conformations: the rotation of the helical hairpin formed by TMS III and IV 2and3 (Fig. 5) . Because it lacks a side chain, Gly, the WT residue, is ideally suited for this position. Nevertheless, other substitutions at position 93 result in proteins that not only are active but also in some cases produce additional changes in key properties of the transporter. The conformational changes we propose are fully compatible with the model proposed by Gouaux's group (22, 30, 31) and by Forrest et al. (32) , but they highlight the importance of position 93. Faham et al. also identified a Gly residue (G99 of vSGLT) as an important participant in the vSGLT transport cycle (20) .
In the NIS model, the Cβ of nonglycine residues points toward the inside of the cavity (Fig. 5) , which is occupied by galactose in vSGLT. By analogy, the substrates of NIS also likely occupy this cavity and may interact with the side chains of all substitutions at position 93. Arg is probably too large and rigid and may fill the cavity and interfere with substrate binding. Lys, although longer than Arg, is more flexible and may extend upward toward the extracellular space. Thr, Asn, and Asp, being smaller, allow the substrates to enter the cavity and be transported, although with a higher K m (Figs. 1G and 2 B-D) .
The significance of G93 is underscored by the manner in which WT NIS and the NIS mutants handle ClO 4 − , a transported competitive inhibitor of NIS. The environmental and health impact of ClO 4 − has acquired a new sense of urgency, as the anion has been detected as a contaminant in public water supplies (33) . We have demonstrated that NIS actively transports ClO 4 − , including translocating it into milk, and that the Na þ ∕ClO 4 − transport stoichiometry is electroneutral (1Na þ ∶1ClO 4 − ) (3). Here we show that the stoichiometry of Na þ ∕ReO 4 − and Na þ ∕ ClO 4 − mediated by G93N/T/D/E/Q NIS is 2∶1 and thus electrogenic, in stark contrast to the electroneutral 1∶1 stoichiometry of their transport by WT NIS. The reason for this change may be that in WT NIS, both ReO 4 − and ClO 4 − interfere with Na þ binding to the Na1 site. G93T/N/Q/D/E, rather than relieving this interference (Fig. S9) , probably provide an additional Na þ -coordinating group that shifts the position of Na1 away from the bound ReO 4 − or ClO 4 − , but still participates in transport. G93A, which cannot contribute to this site, elicited currents barely detectable with ReO 4 − and ClO 4 − (Fig. S10) . A possible explanation is that this substitution allows a small leak current that occurs only when transport takes place but is not thermodynamically coupled to it.
The lack of I − transport activity by G93R/Q/E NIS in mammalian cells probably results from the side chains being either too large or incompatible with the chemical requirements. G93E and Q exhibit the most surprising behavior: Although G93D transports I − , G93E and Q do so only at extremely high [I − ] (Fig. 4 C-E) , probably a consequence of the size difference between the side chains. Strikingly, G93E and Q not only transport ReO 4 − and ClO 4 − but also do so with a 2∶1 Na þ ∶anion stoichiometry. Although this observation is difficult to explain, it is interesting that Asp, Glu, and Gln have the chemical characteristics necessary for coordinating Na þ , as we propose for the G93T and N substitutions, whereas G93K displays electroneutral Na þ ∕ReO 4 − or ClO 4 − stoichiometry, just like WT NIS (Figs. 3C  and 4A ).
The selective transport of ReO 4 − (Fig. 4 ) by G93E and Q NIS, which do not transport I − , may prove to be particularly useful for NIS-based gene therapy. NIS has been used clinically for >60 y to successfully treat thyroid cancer with radioiodide, and efforts to make non-NIS-expressing tumors susceptible to radiotherapy by introducing NIS are currently under way (34) . Given that NIS is endogenously expressed in the thyroid, thyroid NIS must be selectively down-regulated prior to radiotherapy by administering either high concentrations of T 4 or high doses of I − . However, I − cannot be used to down-regulate thyroid NIS if the NIS molecule exogenously transfected into cancer cells also transports I − . Thus, introducing G93E or Q NIS into tumors instead of WT NIS would allow the down-regulation of thyroid NIS by I
− without affecting NIS function in the tumor, as neither G93E nor Q NIS transports I
− . This may in turn permit successful imaging with 99 m TcO 4 − and treatment with 188 ReO 4 − . The data here presented indicate that the side chain at NIS position 93 has a major effect on the size and chemical characteristics of the ion cavities as they undergo the transition from the outwardly to the inwardly open conformation and also plays a role in the kinetics and the stoichiometry of transport. The positions equivalent to NIS G93 in other transporters may have a similar function.
Materials and Methods
Vesicular stomatitis virus glycoprotein (VSV-G) pseudotyped, human immunodeficiency virus-1-based, third-generation lentiviruses (35) , one bearing WT hNIS and the other G93T hNIS, were generated using calcium phosphate-mediated cotransfection of 293T cells with four plasmids: a CMV promoter-driven packaging construct expressing the gag and pol genes, a Rous sarcoma virus promoter-driven construct expressing rev, a CMV promoter-driven construct expressing the VSV-G envelope, and a self-inactivating transfer construct driven by the CMV promoter containing the human immunodeficiency virus-1 cis-acting sequences and an expression cassette for either WT or G93T hNIS. MDCK cells (10 5 ) were transduced by adding 500 μL of viral supernatant per well in a six-well plate. Transduced cells were analyzed using flow cytometry. More details and associated references are provided in SI Materials and Methods.
